Conductance and spin-filter effects of oxygen-incorporated Au, Cu, and Fe single-atom chains
I. INTRODUCTION
Understanding the electron transport properties of metal atom junctions is important for spintronics and thermoelectrics [5] [6] [7] at the atomic level. So far, much effort has been expended on the production of metal single-atom chains (SACs) and investigation of their various transport properties, such as even-odd oscillation in conductance, 9, 13 spinfilter effects, and large magnetoresistance. 24 It has been found that 5d metals, such as Ir, Pt, and especially Au can be pulled to form long SACs consisting of up to seven or eight atoms that are suspended between two electrodes by the mechanically controlled break junctions technique. 8, 10, 11 For metals, such as Ag and Cu only short SACs are formed with two or three atoms in break junction experiments. 10 However, in a gas environment, these short SACs can be further extended. 25, 27 For instance, the Cu and Ag chains increase by more than 10 Å in an oxygen atmosphere as experimentally observed by Thijssen et al. 27 This was attributed to the inserted oxygen atoms which significantly enhance the chain strength according to the obtained experimental evidences 27 and first-principles simulations. 28, 29 Simultaneously, conductances of these elongated SACs are dramatically decreased as well. For example, low conductances of 0.1G 0 , 0.3G 0 , and 0.1G 0 appear for Au, Cu, and Ag SACs in an oxygen environment, respectively. These values are far from 1G 0 of pure metal SACs. Here, G 0 ¼ 2e 2 =h is the conductance quantum with e being the proton charge and h the Planck's constant. 33 This decrease in conductance originates from the incorporation of oxygen atoms. For Ag SACs in an oxygen atmosphere, calculations have suggested that the lowered conductance comes from a special oxygenincorporated configuration composed of Ag and O atoms in an alternating sequence. 29 This unique structure leads to an even-odd conductance oscillation and half-metallic characteristics for the Ag-O SACs, and this is similar to alternating Ni-O SACs. 31 Unfortunately, for Au and Cu SACs, the underlying mechanism for the decrease in conductance is not well understood so far. For Cu SACs, experimental data show a similar trend, where the conductance varies with the chain length as for the Ag SACs. 27 This raises a question: Do the oxygen-incorporated Cu SACs also prefer the alternating Cu-O sequence and are half-metallic? In addition, the behavior of conductance for Au SACs (Ref. 27) was experimentally shown to be very different from those of the Cu and Ag SACs, and the underlying mechanism remains to be explored. Moreover, pure Fe SACs have been produced recently, 21 and it is thus possible to form oxygenincorporated Fe-O SACs in an oxygen environment. Their transport properties are expected to be very different to those of the Cu-O and Ag-O SACs because of their totally different electronic states and spin polarizations. Therefore, a clear answer is desirable.
To address these questions, we studied the detailed atomic structures and spin transport properties of oxygen incorporated Au, Cu, and Fe SACs by first-principles total energy and quantum transport calculations. We investigated the conductance dependence on the chain length and the spin-filter effect for different spin alignments of these SACs. The mechanism of the experimentally observed low conductances of Au and Cu SACs in oxygen atmosphere and potential applications of the oxygen incorporated Fe SACs in spintronics are proposed.
II. COMPUTATIONAL DETAILS
For the oxygen incorporated Au SACs, we considered two possible cases of oxygen incorporation. The first is an Au SAC with a single O atom above the center of the chain atom and the apex of the tip (see Fig. 1(a) ). In the other case, an oxygen molecule is inserted into the chain (see Fig. 1(b) ). Experiments suggest that both single O atoms and oxygen molecules could be incorporated into the chain. 27 The Au SAC is connected by two pyramidal tips on two semi-infinite slabs that are mimicked by six fcc Au(111) layers, with each layer containing 3 Â 3 atoms. The atomic structures of the oxygen incorporated Cu and Fe SACs are little different from the Au ones, which will be described in detail when those SACs are discussed later. To stretch the chain, we increased the Z coordinates of the fixed layers of one slab by 0.2 Å at each step and optimized the system using a firstprinciples density functional theory (DFT) code. 34 During the optimization, the oxygen atoms, the chain atoms, the tip atoms, and the first layer of the slabs are allowed to fully relax, while the other atoms are fixed until the forces on atoms are less than 0.03 eV/Å . For the DFT calculation, the projector augmented-wave method 35 was used for the wave function expansion with an energy cutoff of 400 eV. The PW91 version 36 of the generalized gradient approximation (GGA) was adopted for the electron exchange and correlation. The Brillouin zone is sampled with a 4 Â 4 Â 1 grid of the Monkhorst-Pack k points. 37 In the quantum transport calculation, two additional three-layer fcc Au(111) electrodes were added at the two ends of the system. We adopted the first-principles nonequilibrium Green's function (NEGF) approach 38, 39 which combines the NEGF formula for transport with first-principles DFT calculations for electronic structure. 38 A numerical double zeta plus polarization basis set (DZP) was used for the wavefunction expansion. All conductance values are presented in units of conductance quantum, G 0 ¼ 2e 2 /h. The spin-polarization ratio (SPR) at the Fermi energy is defined as
where T " and T # indicate the transmission coefficient of the majority and minority spin, respectively.
III. RESULTS AND DISCUSSION
We first discuss the Au SAC incorporated with a single oxygen atom (see Fig. 1(a) ). After relaxation, the linear SAC changes to a zigzag chain as shown in Fig. 1(c) . We found that during the stretching process, the bond angles that formed between the two neighboring Au atoms increase continually ( Fig. 1(d) ), and finally the chain broke between the 1st and the 2nd Au atoms ( Fig. 1(e) ), which is in agreement with a previous theoretical study. 28 The variation in conductance with stretch length is given in Fig. 2(a) . The conductance fluctuates in a stretch range of 2.9 Å . More specifically, the conductance increases gradually from about 0.6G 0 to 0.7G 0 , and then decreases to 0.65G 0 where the chain is broken. This conductance trend is in good agreement with experimental measurements for the chain length range close to the breaking point. 27 To give a deeper insight, we calculate the phonon vibration modes of the SAC (see Fig. 1(c) ) by considering only the degrees of freedom for O atoms, and we obtained a 75 meV vibrational energy corresponding to a vibration along the chain axis (Z axis). The phonon vibration modes were calculated using the small displacement methods 40 implemented in vasp code. This vibration mode is just in the range of 60-80 meV as experimentally measured. 27 We also considered a linear Au SAC bridged by a single in-line O atom, and obtained a much smaller conductance of 0.37G 0 , and this agrees well with the calculated results discussed previously. 17 Therefore, the decrease in conductance to about 0.6G 0 is most likely due to the nonlinear Au SAC containing a single O atom. Fig. 2 (c) also shows that the conductance of single O-inserted Au SACs has a main contribution from minor electrons with a SPR range of 23-37%.
Previous experiments 27 gave an even much smaller conductance of about 0.1G 0 for Au SACs after the admission of oxygen gas. The authors suggested that an oxygen molecule may bridge the Au chain and thus dramatically lower the conductance. Their assumption is supported by our calculations. Fig. 2(b) shows that during the stretching process (see Figs. 1(f)-1(h) ), the O-molecule inserted Au SAC has a rather low conductance plateaus of 0.17G 0 (determined by the intersection of the two lines, as did in Ref. 32) which is close to the experimental value. We also found that this low conductance corresponds to a stable SAC configuration during the stretching process. A local energy minimum is present at 1.2 Å within the conductance plateau as shown in Fig. 2(e) . In contrast to the O-atom bridged Au SAC, the SPR of the O-molecule inserted Au SAC reduces significantly with an increase in chain length and approaches zero, as shown in Fig. 2(d) .
To understand the physical origin of this low conductance, we give in Fig. 2(f Next, we studied Cu and Fe SACs incorporated with oxygen atoms. These SACs consist of metal and oxygen atoms in an alternating sequence (found by our total energy calculations), which connects two pyramidal tips on two semi-infinite slabs of a 3 Â 3 period in the x-y plane, as shown in Fig. 3 . The Cu and Fe slabs are of fcc-(111) and bcc-(110) orientation, respectively. To determine the most energetically favored configuration for the O-incorporated Cu chains, we considered a suspended chain containing two O atoms as an example, where the Cu and O atoms are aligned in six possible sequences. These different configurations are optimized with variable cell shape and cell volume, and all the atoms are relaxed until the maximum forces are smaller than 0.01 Å /eV. The resulting structures are given in Fig. 4 together with their total energies. It can be seen that the alternating Cu-O sequence (3 in Fig. 4) is the most energetically favorable, with an energy gain of 0.275 eV compared to the second lowest configuration (4). The two chains (5 and 6) containing an oxygen molecule have the highest potential energy. This suggests that an alternating Cu-O chain is more likely to form than other configurations when a Cu chain is pulled in an oxygen environment. Therefore, we only discuss the magnetism and conductance of the alternating Cu-O SACs, and compare its results with experimental data.
For one inserted O atom (N ¼ 1), we obtained a nonmagnetic ground state, while for N > 1, a ferromagnetic ground state was found with a total magnetic moment of 0.75l B per Cu-O unit. For example, the energy of a ferromagnetic state for the two O atom Cu-O chain is 0.004 eV lower than that of the anti-ferromagnetic state. It should be noted that the ferromagnetic ground state determined in our calculation for the Cu-O chains is different from the anti-ferromagnetic ground state of the bulk Cu-oxide family of compounds because of their completely different dimensionalities and structures. The variation in conductance with the number of O atoms is plotted in Fig. 5(a) . From N ¼ 1 to 2, the conductance decreases from 0.69 to 0.26 G 0 with increasing chain length from 3.59 to 7.17 Å . In this range, the experiments also demonstrated a fast decrease in conductance to around 0.3G 0 at about 7.0 Å . 27 Moreover, for N > 1, the calculated conductances exhibit an even-odd oscillation of about 0.1G 0 , with an averaged value of 0.3G 0 . This finding agrees well with the experimental results, 27 in which the conductance oscillates around 0.30G 0 over a wide range of chain lengths. Fig. 5 (b) clearly shows that for N > 1, the conductance has a dominant contribution from the minority electrons, and the SPRs are 94% and 99% for the even and odd N, respectively. To understand these results, Fig. 6 shows transmission spectra for N ¼ 1 to 4. For N ¼ 1 (Fig. 6(a) ), the transmissions of the majority and minority electrons approximately coincide, indicating a basically degenerated and nonmagnetic ground state of the chain. For N > 1, the chains become half metallic and their conductance almost exclusively comes from the minority electrons, suggesting a fully polarized current. These conclusions can also be drawn from the projected density of states (PDOS) on the Cu-O chain, as shown in Figs. 7(a) and 7(b) , where the minority states play the dominant role and are mainly from the O(2p) and Cu(5d) channels as indicated in Figs. 7(c) and 7(d).
Note that for N > 1, a peak is presented in the transmission spectrum covering the fermi energy, which corresponds to a resonance of the valance states. For even numbers of N, the Fermi level is on the left side of the peak (e.g., Fig. 6(b) ), while for odd numbers of N, it is on the right side (Fig. 6(c) ). This difference is also reflected in the PDOS on the Cu-O chain, as shown in Figs. 7(a) and 7(b) . This difference leads to a small even-odd oscillation in the conductance of the Cu-O SACs, which has also been found previously in oxygen molecule all break after relaxation. Therefore, we only studied the conductance of the alternating Fe-O SACs with an optimum Fe-O bond length. The SACs prefer a ferromagnetic ground state, where the Fe and O atoms have a parallel spin alignment. As bulk Fe is magnetic, only two cases exist where the spins of the chain atoms are either parallel (P) or anti-parallel (AP) with respect to those of two Fe electrodes. The AP configuration is more energetically favored, with an energy gain of 0.002 eV with respect to the P configuration, e.g., for N ¼ 2. The AP and P configurations have magnetic moments of 1.58 l B and 1.38 l B per Fe-O unit, respectively, which are higher than those of Cu-O chain.
The conductance of the two configurations behavior in a similar manner, which is different from the case of the Cu-O SACs, as shown in Fig. 8(a) . It shows an overall decrease in conductance with increasing O atoms, instead of an evenodd oscillation. More specifically, the conductance decreases dramatically at N ¼ 3 and approaches zero (less than 0.02G 0 ) for N ! 5, suggesting that the Fe-O SACs tend to be semiconductors with increasing O atoms. This transition can be derived from a comparison of the transmission spectra of N ¼ 2 and 5 ( Fig. 9) . A small gap appears above the Fermi energy at N ¼ 5 for both the AP and P cases (see Figs. 9(b) and 9(d)). In addition, the conductance is almost exclusively contributed by the minority (majority) electrons for the P (AP) configuration, as shown in Fig. 8(b) . Moreover, the majority (minority) transmission of the P configuration is similar to the minority (majority) one of the AP configuration around the Fermi energy, as Figs. 9(b) and 9(d) show. Therefore, we obtained similar conductance for the P and AP configurations.
Fe-O SACs have an interesting feature that differs significantly from the Cu-O and Ag-O SACs: 29 as shown in Figs. 9(a) and 9(b) , the majority electrons contribute exclusively to the transmission in the energy range below À0.8 eV (relative to the Fermi energy), while above the Fermi energy, only the minority electrons play a dominant role. This result can be understood from the PDOS on the Fe-O chain atoms for N ¼ 2 ( Fig. 9(c) ), which shows that in the two energy regimes, either the majority or the minority electrons has the exclusive contribution. Because the Fermi energy level can be moved up or down by applying a negative or positive gate voltage, we propose that the Fe-O SACs can be used to obtain either a fully polarized spin-up or spin-down current by controlling the polarity of the gating voltage. Furthermore, this conclusion also applies to the Fe-O SACs with the AP spin alignment, as indicated in Fig. 9(d) . Therefore, the Fe-O SACs can serve as a perfect two-state (spin-up and -down) spin-filter that can be controlled by a gate voltage, which is independent of spin alignment.
IV. SUMMARY
In summary, we have studied the length-dependent conductance and spin-filter effects of Au, Cu, and Fe SACs that incorporate O atoms by performing first-principles calculations. Mechanisms for the experimentally observed low conductance of the Au SACs and Cu SACs are proposed. For the Au SACs, conductance around the 0.6G 0 is caused by distorted chains incorporated with a single O atom, with SPRs from 23% to 37%, while an O-molecule bridged linear chain has nearly no spin polarization and a much lower 0.1G 0 conductance because of the antibonding state formed by the HOMO of oxygen and the d z orbitals of adjacent Au atoms. For the Cu SACs, the alternating Cu-O configuration is most energetically favored, and the conductance exhibits an even-odd oscillation with an averaged conductance of 0.3G 0 , which is in very good agreement with the available experimental measurements. 27 However, Fe-O SACs show an overall decrease in conductance as the number of O atoms increases, and tend to be semiconductors when more than four O atoms are inserted. Both the Cu-O and the Fe-O SACs are half metallic when they are short. Moreover, the Fe-O SACs are able to filter completely either the spin-up or spin-down current depending on the polarity of the gate voltage, which suggests a perfect two-state spin filter at the single-atom level.
